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Metazoan sibling cells often diverge in activity and
identity, suggesting links between growth signals
and cell fate. We show that unequal transduction of
nutrient-sensitive PI3K/AKT/mTOR signaling during
cell division bifurcates transcriptional networks and
fates of kindred cells. A sibling B lymphocyte with
stronger signaling, indexed by FoxO1 inactivation
and IRF4 induction, undergoes PI3K-driven Pax5
repression and plasma cell determination, while its
sibling with weaker PI3K activity renews a memory
or germinal center B cell fate. PI3K-driven effector
T cell determination silences TCF1 in one sibling
cell, while its PI3K-attenuated sibling self-renews in
tandem. Prior to bifurcations achieving irreversible
plasma or effector cell fate determination, asym-
metric signaling during initial divisions specifies a
more proliferative, differentiation-prone lymphocyte
in tandemwith amore quiescent memory cell sibling.
By triggering cell division but transmitting unequal
intensity between sibling cells, nutrient-sensitive sig-
naling may be a frequent arbiter of cell fate bifurca-
tions during development and repair.
INTRODUCTION
A complex temporal and spatial arrangement of cell fates is
required for metazoan life. Development and repair of animals
and their tissues therefore requires that sibling cells must some-
times assume divergent fates, either during or following cell
division. Two identically born sibling cells can receive unequal
cues after division because of their unique positioning within a
signaling gradient (Restrepo et al., 2014). Kindred cells could
also become different from inception because of some inequality
in their inheritance, a process known as asymmetric cell division
(Neum€uller and Knoblich, 2009).
In an immune response, naive or memory lymphocytes give
rise to terminally differentiated antibody-secreting plasma cellsCell Repand effector T cells to provide function while also regenerating
less differentiated memory lymphocytes. We explored the
changes in transcription factor circuitry that bifurcate during
lymphocyte terminal differentiation versus self-renewal among
clonally related sibling cell pairs. Our findings lead to the conclu-
sion that the onset of irreversible differentiation in the descen-
dant of a selected clone is tethered to the act of self-renewal
by its sibling cell because of an inherently asymmetric cell
division. Bifurcation in cell fate circuitry is seemingly driven by
a sharp disparity in the intensity of nutrient-sensitive PI3K
signaling transduced in the nascent sibling cells.
RESULTS
Plasma Cell Determination during Self-Renewing B Cell
Divisions
Pax5 is a lineage-defining transcription factor of B cell fate.
Expression of Pax5 is required to maintain B cell identity
throughout immature and mature B cell commitment and dif-
ferentiation (Horcher et al., 2001; Nutt et al., 1999; Urba´nek
et al., 1994) (Figure S1A). Pax5 ultimately undergoes silencing
during differentiation of B cells into plasma cells (Delogu et al.,
2006; Kallies et al., 2004, 2007; Shi et al., 2015). We used flow
cytometry and intracellular staining to assess Pax5 expression
in lipopolysaccharide (LPS)-stimulated B cells. As previously
suggested (Hodgkin et al., 1996), plasma cell differentiation
(marked by CD138/syndecan1 expression) occurred after
several cell divisions (Figures 1A and S1A). Repression of
Pax5 appeared to accompany, if not precede, plasma cell
differentiation (Figure 1A), consistent with prior genetic data
(Kallies et al., 2007).
IRF4 is a transcription factor that plays an essential role in
plasma cell differentiation (Klein et al., 2006; Sciammas et al.,
2006). IRF4 induction in B cells is regulated by antigen receptor
signal strength (Ochiai et al., 2013; Sciammas et al., 2011).
Consistent with prior results (Sciammas et al., 2006, 2011), we
found that B cell stimulation induced IRF4 to intermediate levels
in initial cell generations and that cells with this intermediate in-
tensity of IRF4 coordinately express Pax5 (Figures 1A and 1B).
After approximately three divisions in LPS treatment, a distinct
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Figure 1. Plasma Cell Determination During Self-Renewing B Cell Divisions
(A) Flow cytometric analysis (fluorescence-activated cell sorting [FACS]) of cell division versus Pax5, IRF4, and CD138 expression of CellTrace Violet (CTV)-
labeled naive B cells stimulated in vitro with lipopolysaccharide (LPS) for 3.5 days. The y axes display fluorescence intensity of labeled molecules. Cell division x
axes have an inverse (leftward) arrow, denoting that intensity of fluorescent dye covalently bound to intracellular proteins undergoes dilution with each successive
cell division. Each dot represents a single cell, and numbers displayed adjacent to bound areas (gates) represent frequency of cells within the gate. Data are
representative of three independent experiments.
(B) FACS of Pax5 and IRF4 during divisions 0–5. Top row: singlet events. Bottom row: doublet events in blue and singlet events in gray contour plots. Data are
representative of three independent experiments.
(C) CTV-labeled naive B1-8hi B cells transferred into congenic naive recipients analyzed for cell division versus IRF4, Pax5, and CD138 at indicated times
postimmunization.
(D) Conjoined sibling B cells undergoing cytokinesis following LPS stimulation stained for IRF4, Pax5, and b-tubulin. Five representative sibling pairs are displayed
(n = 23 sibling pairs imaged). Scale bars, 5 mm. Note that all images with merge of tubulin and transmitted light represent a single focal plane, making tubulin
occasionally appear unequal. Pie charts summarize frequency of cells with asymmetric IRF4 and Pax5 among pairs with high IRF4 levels. 100% of conjoined
sibling pairs with asymmetric Pax5 had higher IRF4 in the sibling with lower Pax5 (p < 0.001 compared to tubulin). 87% of sibling pairs with asymmetric IRF4 had
higher Pax5 levels in the sibling with lower IRF4 (p < 0.001 compared to tubulin). Graph displays the ratio of total IRF4 and Pax5 fluorescence in each sibling pair.
(E) B1-8hi naive B cells from heterozygous YFP-Bcl6 knockin mice were transferred to congenic recipients. 4 or 6 days postimmunization, donor NP+YFP-Bcl6- B
cells were sorted and stained for IRF4, Pax5, and b-tubulin. Images depict five representative sibling pairs with opposing Pax5 and IRF4 (n = 16 total sibling pairs
(legend continued on next page)
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emerged (Figure 1A), manifest as a Pax5loIRF4hi subset sepa-
rating from the majority population of Pax5hiIRF4int cells (Fig-
ure 1B). Thus, the same cells undergoing qualitative increment
in IRF4 abundance (from intermediate to high) were those that
lost Pax5 expression. The patterns of division-linked plasma
cell differentiation as well as emergence of a Pax5loIRF4hi sub-
population separating from the Pax5hiIRF4int majority population
were recapitulated in the antigen-specific B cells of immunized
mice in the first 3 days following immunization (Figure 1C),
a phase we will refer to as the pre-germinal center (pre-GC)
antibody response. Reciprocal expression of Pax5 and IRF4 in
individual cells is consistent with prior gene expression and ge-
netic data implicating heightened IRF4 levels and loss of Pax5
with plasma cell differentiation (Kallies et al., 2007; Nera et al.,
2006; Sciammas et al., 2006, 2011).
In contrast to singlet cells, which stained brightly for either
IRF4 or Pax5, we foundmany cell doublets emerging at the onset
of Pax5 repression stained brightly for both Pax5 and IRF4 by
flow cytometry (Figure 1B). To determine whether these doublets
represented sibling cell pairs or were simply two unrelated
but adherent cells, we developed an approach to verify kindred
status of conjoined sibling cells. Cell sorting was modified to
include events with forward-light-scatter properties indicative
of doublet cells, which are ordinarily excluded during flow cy-
tometry. Using confocal microscopy, we validated the kindred
status of doublets only if the two cell bodies were joined by an
unambiguous bridge structure under transmitted light that also
contained fluorescent anti-tubulin staining within the bridge.
Only after sibling status was confirmed with transmitted light
properties, fluorescent tubulin staining, and DNA staining did
we subsequently evaluate the fluorescence staining of relevant
transcription factors.
In both in vitro and in vivo conditions, we readily observed that
the dominant, if not exclusive, staining pattern of conjoined sib-
ling pairs with bright IRF4 and readily detectable Pax5 staining
was that of mutually opposing abundance in reciprocal sibling
cells (Figures 1D and 1E). None of the IRF4-bright-but-asym-
metric events had Pax5 abundance in the same sibling as IRF4
or loss of Pax5 in both siblings. Subsequent to the onset of initial
Pax5 repression, doublet cells with bright and symmetrical IRF4
and bilateral loss of Pax5 staining were evident by microscopy
(data not shown) or as flow cytometric Pax5loIRF4hi doublets
(Figure 1B, division #5), presumably representing determined
plasmablasts undergoing further expansion. At earlier time
points and cell divisions prior to Pax5 loss, doublets with inter-
mediate abundance of IRF4 (albeit asymmetric) contained com-
parable amounts of Pax5 between siblings (Figure 7C), and the
significance of these earlier divisions will be discussed below.
To verify that doublets containing a Pax5-bright cell in tandem
with a Pax5-low cell were not simply two unrelated but adherent
cells, we added cytochalasin B to the media for 3 hr prior to
microscopy to arrest cells during cytokinesis. Drug-arrested
siblings had long, distinct bridges, with an obvious tubulinimaged). Upper charts summarize overall incidence of IRF4 and Pax5 asymmetry (
conjoined sibling pairs with symmetric high IRF4 (32%), symmetric Pax5 (18%), or
IRF4 and Pax5 fluorescence for conjoined sibling pairs with asymmetric IRF4.
See also Figure S1.
Cell Repconnector, and these inseparable twins readily recapitulated
the pattern of unequal abundance of Pax5 between siblings (Fig-
ure S1B). As further control for specificity of sibling pairs, we
mixed congenically disparate CD45.1 and CD45.2 B cells in
equal concentrations (confirmed by flow cytometry; Figure S1C)
prior to stimulation and selected putative sibling pairs based on
the aforementioned transmitted light/tubulin bridge criteria.
100% of the 15 sibling pairs examined were composed of two
cells with the same CD45 marker, which carries a probability of
1 in 32,000 had the doublets been unrelated neighboring cells
(Figure S1C). Since cells were mixed equally, we could readily
detect neighbor cells with opposite CD45 status (Figure S1C),
but in all cases, they lacked tubulin-containing bridges and
would have never been designated siblings. The current criteria
for selecting conjoined siblings thus appear sufficiently stringent
to exclude adjoining-but-unrelated cell pairs.
Asymmetric Nutrient-Sensitive Signaling in
Differentiative Cell Divisions
Metaphase cells at the onset of plasma cell differentiation unex-
pectedly exhibited symmetrical localization of Pax5 protein (Fig-
ure S1D). Symmetry in metaphase cells suggested that asym-
metric partitioning of pre-formed Pax5 protein might not be
responsible for unequal abundance in cytokinetic cells. Instead,
signaling for the synthesis (or removal) of these proteins might
be occurring unequally sometime between telophase and the
completion of cytokinesis, an interval which has been shown to
provide ample time (a few hours) to achieve private and unequal
signaling for new transcription and translation in conjoined sibling
cells (Habib et al., 2013; Schweitzer andD’Souza-Schorey, 2004).
We took a candidate approach to determine what signaling
pathway could be responsible for inducing different levels of
IRF4 in activated sibling B cells. Nutrient-sensitive signaling
through the evolutionarily conserved PI3K/AKT/mTOR pathway
controls cell proliferation, metabolism, fate, and function in
normal and neoplastic cells (Buck et al., 2015; Man and Kallies,
2015; Pollizzi and Powell, 2014; Shyh-Chang et al., 2013; Vander
Heiden et al., 2009; Ward and Thompson, 2012). In T and B lym-
phocytes, IRF4 induction is directly proportional to signal inten-
sity (Man et al., 2013; Nayar et al., 2014; Ochiai et al., 2013;
Sciammas et al., 2011; Yao et al., 2013) and PI3K/AKT/mTOR
signals promote IRF4 expression in T lymphocytes (Yao et al.,
2013). In activated B cells, we found that inhibition of AKT or
mTOR limited induction of IRF4 as well as c-Myc (Figure 2A), a
major transcriptional regulator of glycolytic gene activation in
T cells (Wang et al., 2011) and B cells (Caro-Maldonado et al.,
2014). In addition to being positively regulated by nutrient-sensi-
tive PI3K/AKT/mTOR signaling, we found that IRF4 activates
glycolytic genes in activated B cells (Figure S2A), as has been
suggested to occur during effector T cell differentiation (Man
et al., 2013).
The emerging role of IRF4 as a nutrient-sensitive regulator of
glycolytic genes and cell fate in B cells (Figures 2A and S2A)p< 0.001 for each compared to tubulin). Bottom chart summarizes frequency of
opposite IRF4 and Pax5 (50%) (n = 40 sibling pairs). Graph displays ratio of total
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Figure 2. Asymmetric PI3K Signaling during B Cell Divisions
(A) B cells from homozygous GFP-c-Myc knockin mice stimulated for 2 days with LPS in the presence or absence of inhibitors of AKT (0.1 mM) or mTOR (0.05 mM).
FACS of GFP-c-Myc fusion protein and IRF4 protein displayed as histograms.
(legend continued on next page)
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and T cells (reviewed in Man and Kallies, 2015), prompted us to
test the relationship between PI3K/AKT/mTOR signaling and
discrepant IRF4 expression in sibling cells. A critical function of
productive PI3K/AKT activation is inactivation of FoxO proteins,
which play key roles in regulating organismal and cellular meta-
bolism and gene expression (reviewed in Manning and Cantley,
2007). FoxO1 acts as a transcriptional guardian of lymphocyte
identity that promotes TCF1 expression in memory T cells
(Hess Michelini et al., 2013; Kim et al., 2013) and Pax5 expres-
sion in pre-B cells (Dengler et al., 2008; Lin et al., 2010; Mansson
et al., 2012; Ochiai et al., 2012). We thus exploited FoxO1 inac-
tivation (i.e., its nuclear exclusion) as a readout of PI3K intensity.
In singlet B cells, the highest levels of IRF4 correlated with
FoxO1 inactivation, as indexed by its nuclear exclusion, while in-
termediate IRF4 levels correlated with active/nuclear FoxO1
(Figure 2B). Doublet cells with bright, asymmetric IRF4 abun-
dance also exhibited subcellular FoxO1 discordance. FoxO1
was selectively inactivated to the cytoplasm in IRF4-heavy
(thus Pax5-poor; Figures 1D and 1E) siblings, while it remained
nuclear in IRF4-poor siblings (Figures 1 and 2C). Discrepant
FoxO1 activity between sibling cells was also evident in anti-
gen-specific B cells responding to immunization in vivo (Fig-
ure 2C). Augmented IRF4 expression and Pax5 loss coincides
with maximal PI3K signaling as manifest by FoxO1 inactivation.
Additionally, PI3K intensity appears to peak during IRF4
augmentation/Pax5 loss insofar as phosphorylated AKT pre-
cisely demarcated Pax5loIRF4hi cells (Figure S2B).
The correlation between Pax5 repression, FoxO1 inactivation,
and heightened IRF4 induction in one of two siblings suggested
that intense PI3K/AKT/mTOR signaling might be inactivating
FoxO1 and inducing IRF4 to dismantle B cell identity and pro-
mote plasma cell differentiation in one sibling cell. Consistent
with this hypothesis, PI3K inhibitor LY294002, pan-AKT inhibitor
triciribine, and mTOR inhibitor rapamycin each caused a sub-
stantial defect in the frequency of Pax5loIRF4hi and CD138+ cells
after LPS activation, as well as a moderate defect in proliferation
(Figure 2D). Conversely, the FoxO1 inhibitor AS1842856 caused
earlier and greater induction of Pax5loIRF4hi plasmablasts and
CD138+ plasma cells (Figure 2D), consistent with genetic data
showing FoxO1 KO cells more readily adopt plasma cell fate(B) Confocal image analysis of FoxO1 and IRF4 expression in singlet B cells from
examples of IRF4int cells with nuclear FoxO1 aswell as IRF4hi cells with cytoplasm
with indicated FoxO1 localization (n = 39 cells with nuclear [N] FoxO1; n = 28 ce
(C) Top panels: B cells stimulated for 3.5 days with LPS. Cells were sorted and
concordant asymmetric IRF4 and cytoplasmic FoxO1 are displayed (n = 11 total co
sibling pairs with asymmetric IRF4 had concordant IRF4 and cytoplasmic FoxO1,
pairs had nuclear FoxO1 in both siblings, and 0%had cytoplasmic FoxO1 in both s
postimmunization. Cells were sorted and stained for FoxO1, IRF4, and b-tubu
cytoplasmic FoxO1 displayed (n = 6 sibling pairs). 100%of sibling pairs with asymm
pairs had opposite IRF4 and cytoplasmic FoxO1, and 0% of sibling pairs had nu
(D) FACS of CTV-labeled B cells stimulated with LPS for 3.5 days in the presen
(0.1 mM), and FoxO1 (1.0 mM). Data are representative of three similar experimen
(E) Left: cell division versus Pax5 in naiveB cells stimulatedwith LPS for 60 hr in the p
divisions 3–5 of CTV-labeled naive B cells stimulated with LPS in the presence or ab
(F) On day 3.5 of LPS stimulation, B cells in divisions 0–3 were purified by FACS an
asymmetric IRF4int levels and nuclear FoxO1 are displayed (n = 13 sibling pairs
siblings. 31%of siblings pairs with asymmetric IRF4 had cytoplasmic/nuclear Fox
in both siblings. Scale bars, 5 mm.
See also Figure S2.
Cell Rep(Dengler et al., 2008), and dominantly active FoxO1 inhibits
plasma cell differentiation (Omori et al., 2006). Inhibition of
FoxO1 also resulted in an anomalous population of cells that
repressed Pax5 at subthreshold strength of PI3K activation, as
judged by intermediate levels of IRF4 induction (Figure 2E).
Examination of conjoined sibling pairs from early time points in
immunized mice (data not shown) or sibling pairs specifically
taken from the first three cell generations following LPS activa-
tion (Figure 2F) revealed that FoxO1 remained symmetrically nu-
clear/active in both siblings when IRF4 was at intermediate albeit
asymmetric abundance. Together with the precocious repres-
sion of Pax5 resulting from FoxO1 inhibition (Figure 2C) and
the ineffective repression of Pax5 in the setting of PI3K/AKT/
mTOR antagonism, these data suggest that FoxO1 activity is
maintaining B cell identity in early divisions because PI3K signal
strength has not achieved the threshold required to inactivate
FoxO1 and augment IRF4 expression. When PI3K signaling in-
tensifies in later divisions, its asymmetric transmission, as
judged by unilateral inactivation of FoxO1/maximization of
IRF4, seems to split the fate of kindred cells, repressing Pax5
in one, while its sibling retains B cell identity (Figure S1A).
Nutrient-Sensitive Transcription Factors Coupling Cell
State and Cell Fate
In view of the simultaneous increase in IRF4 induction that ac-
companies FoxO1 inactivation, we examined the role of IRF4 in
repression of Pax5 using a genetic approach. As predicted
from previous studies (Klein et al., 2006; Sciammas et al.,
2006), LPS-activated B cells from IRF4 homozygous null mice
(IRF4 KO) exhibited defective proliferation and plasma cell differ-
entiation (Figure 3A). Despite achieving the requisite number of
divisions for Pax5 repression to occur in wild-type cells, IRF4
KO B cells were nearly devoid of Pax5-repressed cells.
Defective Pax5 repression in IRF4-deficient cells did not seem
to be due to inability to inactivate FoxO1. First, IRF4 KO cells ex-
hibited normal FoxO1 inactivation (Figure 3B). Second, FoxO1
inhibitor did not restore Pax5 repression in IRF4 KO cells (Fig-
ure 3C). IRF4 may thus be non-redundantly required to repress
Pax5, independently of FoxO1 inactivation. Likewise, anomalous
repression of Pax5 at submaximal IRF4 levels when FoxO1 iscultures stimulated for 3.5 days with LPS. Two sets of images depict multiple
ic FoxO1. Graph summarizes IRF4 intensity (y axis) of individual interphase cells
lls with cytoplasmic [C] FoxO1; mean ± SD). Scale bars, 5 mm.
stained for FoxO1, IRF4, and b-tubulin. Two representative sibling pairs with
njoined sibling pairs). Chart summarizes siblings with asymmetric IRF4. 64%of
9% of sibling pairs had opposite IRF4 and cytoplasmic FoxO1, 27% of sibling
iblings. Bottompanels: CD45.1+ B1-8hi B cells from congenic recipient on day 6
lin. Two representative sibling pairs with concordant asymmetric IRF4 and
etric IRF4 had concordant cytoplasmic/nuclear FoxO1 disparity, 0%of sibling
clear FoxO1 in both siblings or cytoplasmic FoxO1 in both siblings.
ce or absence of indicated inhibitors of PI3K (0.1 mM), AKT (0.05 mM), mTOR
ts.
resenceor absence of FoxO1 inhibitor (1.0mM).Right: FACSof IRF4andPax5 for
sence of FoxO1 inhibitor (1.0 mM). Data are representative of three experiments.
d stained for FoxO1, IRF4, and b-tubulin. Two representative sibling pairs with
). 69% of sibling pairs with asymmetric IRF4 showed nuclear FoxO1 in both
O1 disparity. None of the siblings with asymmetric IRF4 had cytoplasmic FoxO1
orts 13, 2203–2218, December 15, 2015 ª2015 The Authors 2207
Figure 3. Nutrient-Sensitive Asymmetry
Coupling Cell State and Cell Fate
(A) FACS of CTV-labeled B cells from wild-type
(WT) or IRF4 knockout (KO) mice stimulated with
LPS for 3.5 days. Data are representative of two
similar experiments.
(B) Representative LPS stimulated B cells from
WT and IRF4 KO mice were analyzed for
FoxO1, IRF4, DNA, and b-tubulin and imaged by
confocal microscopy (n = 10 cells per genotype).
Images collected on a Nikon Ti Eclipse confocal
microscope.
(C) FACS of CTV-labeled WT or IRF4 KO B cells
stimulated with LPS in the presence or absence of
FoxO1 inhibitor (1.0 mM) for 3 or 4 days. Data are
representative of three experiments.
(D) CTV-labeled naive B cells stimulated with LPS
for 3.5 days and stained withMitoTrackerCMXRos
dye (MitoCMX) to measure mitochondrial mem-
brane potential. Left FACS: IRF4 versus Mito-
TrackerCMXRos. Right: two populations of cells
based on levels of IRF4 and MitoTrackerCMX
(Mito) dye were analyzed for cell division versus
Pax5. Data are representative of two separate
experiments.
See also Figure S3.antagonized (Figure 2E) suggests FoxO1 integrity preserves
Pax5 independently of IRF4’s antagonism of Pax5. Nutrient-sen-
sitive PI3K signaling thus appears to drive Pax5 repression by
two essential, experimentally separable mechanisms: induction
of IRF4 and inactivation FoxO1.
We also found divergent nutrient-sensitive signaling as in-
dexed by IRF4 levels demarcated disparities in mitochondrial
membrane potential and proliferation (Figure 3D). Cells with
highest expression of IRF4 contained lower mitochondrial ac-
tivity, as assessed by mitochondrial membrane potential, and
underwent more division, as well as repression of Pax5. Cells
with intermediate IRF4 exhibited greater mitochondrial activ-
ity and withdrawal from proliferation, as well as retention of
Pax5. Discrepant mitochondrial membrane potential was
also evident in cytokinetic sibling cell pairs (Figure S3).
Since mitochondrial function may regulate B cell fate (Jang
et al., 2015), the divergence in mitochondrial membrane po-
tential could act in parallel with divergence in IRF4 levels
and FoxO1 activity to bifurcate transcriptional networks of
nascent siblings.
Bifurcating Germinal Center B Cell Fates during Cell
Division
Some progeny of a clonally selected B cell that do not differen-
tiate in the initial wave of low-affinity plasma cells will instead2208 Cell Reports 13, 2203–2218, December 15, 2015 ª2015 The Authorsbecome germinal center (GC) B cells,
which undergo reiterative mutation to
improve affinity for antigen (Victora and
Nussenzweig, 2012) and (Figure S1A). B
cells in the GC express Pax5 and also ex-
press the key transcriptional regulator of
GCB cell identity, Bcl6 (reviewed in Bassoand Dalla-Favera, 2015). A small subset of GC B cells in T cell-
richer areas lack expression of Bcl6 and instead express IRF4
(Cattoretti et al., 2006; Falini et al., 2000) and c-Myc (Calado
et al., 2012; Dominguez-Sola et al., 2012).
It has recently been suggested that asymmetric outcomes
of B cell differentiation versus renewal could occur before
and during GC responses because of concentration-depen-
dent alterations in the action of IRF4 (Xu et al., 2015). In
view of the mutually exclusive pattern of expression between
Bcl6 and c-Myc/IRF4 in the GC (Calado et al., 2012; Cattoretti
et al., 2006; Dominguez-Sola et al., 2012; Falini et al., 2000;
Ochiai et al., 2013), and the prior suggestion that Bcl6 protein
can be asymmetrically inherited in GC B cells (Barnett et al.,
2012), we examined conjoined sibling pairs from the GC
phase of immunization. Among siblings that co-expressed
Bcl6 and c-Myc or IRF4, we detected reciprocal abundance
of Bcl6 versus IRF4 or c-Myc in opposite cells, and in all
cases (Figure 4A). Flow cytometric analysis revealed that
c-Myc and IRF4 were co-expressed in singlet cells and
doublet pairs (Figure 4B), which is consistent with enrichment
of IRF4 transcripts in c-Myc+ GC B cells (Dominguez-Sola
et al., 2012). None of the co-expressing pairs had symmetrical
expression of Bcl6 or c-Myc/IRF4 and none of the co-ex-
pressing pairs displayed coordinate expression of Bcl-6 and
c-Myc/IRF4. The c-Myc/IRF4-abundant sibling also repressed
Figure 4. Bifurcating Germinal Center B Cell Fates during Cell Division
(A) Heterozygous YFP-Bcl6 knockin B1-8hi donor B cells were sorted from recipients 6 days after immunization. Images depict sibling cells undergoing cyto-
kinesis stained for YFP-Bcl6 fusion protein, c-Myc, and a-tubulin (n = 5 sibling pairs), YFP-Bcl6, IRF4, and b-tubulin (n = 4 sibling pairs), or YFP-Bcl6, Pax5, and
a-tubulin (n = 36 sibling pairs). Graphs summarize ratios of total fluorescence of molecules indicated. 100% of cells with high c-Myc levels had reciprocally
asymmetric Bcl-6 and 100%of cells with high IRF4 had IRF4 asymmetry, 75%of which had reciprocally asymmetric Bcl-6. Pie charts summarize the frequency of
conjoined sibling pairs with asymmetric Bcl6 or Pax5. 39% of sibling pairs imaged had asymmetric YFP-Bcl6 and if both Pax5 and Bcl6 were asymmetric there
was 100% concordance of their expression. No sibling pairs had non-concordant asymmetry of Pax5 and Bcl6. Graph of ratios for Bcl6 and Pax5 summarizes
data from cells with asymmetric Bcl6. Scale bars, 5 mm.
(B) FACS of donor B1-8hi B cells 6 days postimmunization, depicting expression of IRF4 and c-Myc in GC B cells (CD45.1+CD45.2GL7+CD38). The
majority of c-Myc+ singlet and doublet cells co-expressed IRF4. IRF4hic-Myclo cells co-expressed CD138 (not shown), a marker of terminally differentiated
plasma cells.
(C) Donor B1-8hi B cells were purified (CD45.1+NP+) by FACS from congenic recipients 6 days postimmunization. Left panels: representative images depict
interphase cells stained for (left-to-right) IRF4 alone, Pax5 alone, and merge (n = 11; 100% of cells with high-level IRF4 staining had absent Pax5 staining). Right
panels: representative images depict interphase cells stained for (left-to-right) IRF4 alone, FoxO1 alone, and merge (n = 14; 100% of cells with high-level IRF4
staining had FoxO1 nuclear exclusion). Images are cropped from three larger images collected for each set of stains. Scale bars, 5 mm.Pax5, as judged by the universal concordance between
Bcl6+ and Pax5+ sibling cells when both were asymmetric
(Figure 4A).Cell RepAkin to the analyses of the pre-GC antibody response (Fig-
ure 2B), the GC phase of the response was characterized by
singlet cells with abundant IRF4 expression, which lost Pax5orts 13, 2203–2218, December 15, 2015 ª2015 The Authors 2209
and inactivated FoxO1, whereas lower IRF4 expression corre-
lated with preservation of Pax5 expression and nuclear FoxO1
localization (Figure 4C). Together, these findings suggest that
GC selection of high-affinity B cells by helper T cell-derived
signaling, like pre-GC plasma cell induction, is occurring in the
context of an asymmetric cell division. A sibling with stronger
signal intensity as indexed by IRF4/c-Myc induction seemingly
represses Pax5/Bcl6 to become a high-affinity plasmablast
(Ochiai et al., 2013) and, in tandem, its sibling that retains GC
B cell identity is licensed for cyclic re-entry to the T cell-poorer
zone, where it can reiterate the hypermutation process (Calado
et al., 2012; Dominguez-Sola et al., 2012).
Effector T Cell Determination during Self-Renewing
Divisions
We next tested the hypothesis that B and T cells might balance
terminal differentiation and self-renewal through a common
mechanism (Figures S1A and S4), since B and T cell fate deci-
sions have both been linked to the process of cell division (Bird
et al., 1998; Hodgkin et al., 1996). TCF1, encoded by the Tcf7 lo-
cus, is an essential transcription factor of T lymphocyte develop-
ment in the thymus (Germar et al., 2011; Weber et al., 2011). In
antigen-activated CD8+ T cells, TCF1 has been implicated in
limiting effector cell differentiation and promoting self-renewal
of memory cells (Boudousquie´ et al., 2014; Gattinoni et al.,
2009; Jeannet et al., 2010; Tiemessen et al., 2014; Zhao et al.,
2010; Zhou and Xue, 2012; Zhou et al., 2010). Akin to repression
of B cell identity genes during plasma cell differentiation (Delogu
et al., 2006; Kallies et al., 2007; Kallies et al., 2004; Shi et al.,
2015), effector CD8+ T cells extinguish expression of TCF1
(Scharer et al., 2013).
We observed a stereotyped pattern of TCF1 expression in
relation to CD8+ T cell division in primary and rechallenge res-
ponses to different pathogens (Figures 5A and 7B). In the first
few divisions, TCF1 expression was maintained, but after
approximately three or four divisions, some cells underwent
loss of TCF1 expression while some cells retained expression.
As predicted by prior studies (Boudousquie´ et al., 2014; Jeannet
et al., 2010; Tiemessen et al., 2014; Zhou and Xue, 2012; Zhou
et al., 2010), loss of TCF1 expression gave rise to terminally
differentiated KLRG1-expressing effector T cells (Figure 5A).
Microscopy of sibling T cell pairs during infection or modeled
differentiation in vitro revealed that loss versus maintenance of
TCF1 expression occurred in clonally related descendants (Fig-
ure 5B). As with B cells, IRF4 induction has been linked to the
strength of T cell antigen receptor signaling and IRF4 represents
a key factor in expansion and differentiation of effector T cells
(Man et al., 2013; Nayar et al., 2014; Raczkowski et al., 2013;
Yao et al., 2013). Intermediate induction of IRF4 was evident in
the initial T cell divisions, but IRF4 underwent a qualitative in-
crease in abundance at the approximate stage in which cells un-
derwent TCF1 repression (Figure 5C). Microscopy revealed that
high-level IRF4 expression correlated with loss of TCF1 in singlet
cells at the onset of TCF1 repression (Figure 5D). Moreover,
conjoined sibling cells frequently exhibited reciprocal expression
of TCF1 and IRF4 expression (Figure 5E). Thus T cells, like B
cells, appear to couple self-renewal to differentiation during an
asymmetric cell division.2210 Cell Reports 13, 2203–2218, December 15, 2015 ª2015 The AuAsymmetric Nutrient-Sensitive Signaling Driving
Bifurcation of T Cell Fates
IRF4 induction of effector T cell differentiation has been linked to
mTOR signaling (Yao et al., 2013), and constitutive activation of
AKT promotes terminal differentiation of effector CD8+ T cells
(Kim et al., 2012). Conversely, antagonism of PI3K/AKT/mTOR
with rapamycin (Araki et al., 2009) and metformin (Pearce
et al., 2009) promotes memory cell development. TCF1 expres-
sion in memory T cells is dependent on FoxO1 (Hess Michelini
et al., 2013; Kim et al., 2013), which is inactivated by strong
PI3K signaling (Manning and Cantley, 2007). Accordingly, we
found that antagonism of PI3K or mTOR signaling in activated
or re-activated T cells inhibited repression of TCF1 and limited
induction of differentiation markers, with moderate effects on
cell division (Figure 6A).
To determine whether unequal nutrient-sensitive signaling
was a proximate event in the bifurcation of gene expression,
we analyzed FoxO1 localization in conjoined sibling cells. The
IRF4-heavy (and thus TCF1-poorer; Figure 5E) sibling generally
exhibited nuclear exclusion of FoxO1, while the sibling with
lesser IRF4 intensity maintained FoxO1 nuclear localization
(Figure 6B). The major anabolism-associated transcription fac-
tor of proliferating and differentiating T cells (Wang et al., 2011),
c-Myc also appears to be induced in a PI3K/mTOR-dependent
fashion (Figure 6C). Like IRF4, expression of c-Myc in sibling
T cells was unequal and c-Myc expression inversely correlated
with TCF1 at the onset of TCF1 repression (Figure 6D). Consis-
tent with a functional role of nutrient-sensitive signaling in
driving asymmetric c-Myc and TCF1 expression, we found
that rapamycin-treated conjoined siblings had equally high
TCF1 expression along with dampened expression of c-Myc
(Figure 6E). Together, these findings suggest effector T cell
determination is coupled to memory cell renewal because the
effector differentiation step is tethered to a cell division with un-
equal nutrient-sensitive signaling.
Nutrient-Sensitive Branching in Fate Specification prior
to Determination
Although expression of TCF1 and Pax5 appeared to be stable in
the initial cell divisions using flow cytometry (Figures 1A, 1C, 5A,
and 5C), PI3K signaling may be unequal from the earliest cell di-
visions after activation. Using microscopy, we found that the
PI3K-sensitive transcription factors IRF4 (Figure 2A ; Yao et al.,
2013) and c-Myc (Figures 2A and 6C) were asymmetrically
expressed by sibling cells prior to the inactivation of FoxO1
and prior to the loss of TCF1 and Pax5 by either daughter cell
(Figures 7, S1A, and S4). Conjoined sibling pairs within the first
3 CD8+ T cell divisions generally exhibited abundant, bilateral
TCF1 expression and FoxO1 nuclear localization but discrepant
nutrient-sensitive signaling, indexed by unequal IRF4 and c-Myc
abundance (Figure 7A). T cells that underwent one or two
divisions in vivo and remained lower for IRF4 preferentially popu-
lated the bone marrow, the preferred site of homeostatic self-
renewal (Figure 7B), while cells with higher IRF4 appeared to
divide more and progress toward TCF1 repression and height-
ened IRF4 induction, as well as remain at sites of infection,
such as the spleen. These findings are compatible with a model
wherein asymmetric PI3K intensity in the first few divisions isthors
Figure 5. Effector T Cell Determination during Self-Renewing Divisions
(A) Upper rows: cell division versus TCF1 expression in donor CD8+ T cells at indicated times after primary immune response. Naive P14 CD8+ T cells were
transferred to congenic mice that were then infected with Listeria monocytogenes expressing gp33-41 (LMgp33) or lymphocytic choriomeningitis virus (LCMV).
Lowest plot: KLRG1 versus TCF1. Data are representative of three separate experiments.
(B) Left: confocal images of representative sibling CD8+ T cells with asymmetric TCF1 expression after LCMV infection or in vitro activation. Right: graphs
summarizing TCF1microscopy data from donor P14 T cells 3 or 4 days postinfection challenges or naive P14 T cells activated with gp33 peptide/splenocytes for
3 days. Cells were stained for TCF1, a-tubulin, and DNA. Asymmetric TCF1 expression was found in conjoined siblings after listeria infection (62%; n = 34 sibling
pairs), LCMV infection (75%; n = 33 sibling pairs), and in vitro stimulation (55%; n = 29 sibling pairs). Scale bars, 5 mm. Graphs display the ratio of total TCF1
fluorescence in each sibling pair. Charts summarize the overall incidence of TCF1 asymmetry.
(C) FACS of donor P14 T cells 3 days after primary listeria infection. Data are representative of four experiments.
(D) Confocal analysis of IRF4 intensity (mean ± SD) of singlet cells with indicted TCF1 status among donor P14 T cells 3–4 days after primary listeria infection.
TCF1 hi n = 11; TCF1 lo n = 17.
(E) Reciprocal IRF4 and TCF1 abundance in sibling donor P14 T cells 3–4 days after primary infection. Graph shows ratio of total IRF4 fluorescence in each sibling
pair. Left chart summarizes the overall incidence of IRF4 asymmetry (52%; n = 25 sibling pairs). Right chart summarizes frequency of conjoined siblings with
opposite IRF4 and TCF1 (61%), concordant IRF4 and TCF1 (15%), and symmetric TCF1 (23%) among pairs with asymmetric IRF4.
See also Figure S4.specifying amore proliferative, effector-prone sibling and, in tan-
dem, a more quiescent memory cell sibling, which is consistent
with prior phenotypic, functional, and molecular analyses of the
first asymmetric cell division of a T cell during challenge and re-
challenge (Arsenio et al., 2014; Chang et al., 2007; Ciocca et al.,
2012).Cell RepConjoined sibling B cells from early divisions following LPS
activation both exhibited active/nuclear FoxO1 and abundant
Pax5 but contained unequal expression of IRF4 (Figures 2F
and 7C). The same disparity of IRF4 (in the face of symmet-
rical Pax5) was present in conjoined sibling cells early after im-
munization (Figures 7C and S1A). Embigin induction and B220orts 13, 2203–2218, December 15, 2015 ª2015 The Authors 2211
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repression are early markers of lineage-specified plasma cells,
termed pre-plasmablasts, a stage that precedes irreversible
repression of Pax5 and induction of Blimp1 (Kallies et al.,
2007). After immunization, cells with greater Embigin induction
underwentmore proliferation, while those cells with lesser induc-
tion of Embigin exited the divisional program (Figure 7D).We now
show that pre-plasmablastic lineage commitment is a non-
redundant function of IRF4 (Figure 7E), thereby providing func-
tional evidence that unequal nutrient-sensitive signaling is
driving branching of cell state and fate specification from the
onset of lymphocyte activation, even before loss of Pax5 or
TCF1. Asymmetric nutrient-sensitive signaling in initial cell divi-
sions would allow a clonally selected B cell to renew itself as
an IgM+ memory cell (Pape et al., 2011) by exiting the prolifera-
tive program, because isotype switching commences after
only a few divisions, in vitro and in vivo (Hodgkin et al., 1996;
Pape et al., 2003). For both T cells and B cells, then, asymmetric
intensity of PI3K signaling as manifest by differential expression
of IRF4 and c-Mycmay have functional consequence as amech-
anism to specify alternative behavior in cells prior to the sharp
bifurcation of losing versus retaining TCF1 and Pax5 (Figures
S1 and S4).
DISCUSSION
The findings presented here underscore the emerging role of
nutrient-sensitive instructions in shaping the fate and behavior
of normal and cancerous cells (Buck et al., 2015; Man and Kal-
lies, 2015; Pollizzi and Powell, 2014; Shyh-Chang et al., 2013;
Vander Heiden et al., 2009; Ward and Thompson, 2012).
Nutrient-sensing signals could be key architects of transcrip-
tional circuitry by controlling almost every facet of signaling, tran-
scription, translation, and other cellular functions that impinge on
lineage choices. The apparent prevalence of asymmetric PI3K
intensity between siblings across different lymphocyte types,
at different stages of differentiation, and under different stimula-
tory conditions raises the possibility that unequal transmission of
PI3K during cell division may soon be discovered in other cellular
contexts.Figure 6. Asymmetric PI3K Signaling Bifurcating T Cell Fates
(A) Nutrient-sensitive signaling driving TCF1 repression. Naive CD8+ T cells were
memory P14 T cells were re-stimulated with gp33 peptide for 4.5 days in the ab
(B) Microscopy of IRF4 and FoxO1 expression in conjoined sibling donor T cells 3
stimulation. Two representative sibling pairs with asymmetric IRF4 and concorda
from listeria infection and in vitro activation, respectively). Charts display freque
conjoined sibling cells: 63% after listeria infection and 68% after in vitro activation
conjoined siblings had asymmetric FoxO1 with higher IRF4 in cell with cytoplasm
FoxO1 in both cells. No pairs with asymmetric IRF4 had cytoplasmic FoxO1 in b
(C) c-Myc expression is PI3K and mTOR sensitive. GFP-c-Myc P14 T cells were
mTOR (0.5 mM) inhibitors for 48 hr.
(D) Two representative conjoined sibling pairs with reciprocal abundance of c-My
sorted for the fourth division onward. Left chart has overall incidence of c-Myc
conjoined sibling pairs that had opposite c-Myc and TCF1 (67%), concordant c-M
c-Myc.
(E) T cells from P14 GFPcMyc mice activated in vitro in absence or presence o
Representative cytokinetic pairs with dampened c-Myc and symmetric TCF1 in ra
pair in the absence (n = 26 sibling pairs) or presence (n = 17 sibling pairs) of rapamy
untreated (62%) cultures. Data are representative of two similar experiments.
Cell RepA major unanswered question raised by these findings is what
cellular component is responsible for the apparent disparity in
PI3K signaling intensity we observe? Unequal inheritance of a
transmembrane receptor for antigen, costimulation, or cytokine
signaling (Arsenio et al., 2014; Barnett et al., 2012; Chang
et al., 2007; Ciocca et al., 2012) could each result in unequal
PI3K intensity, but this scenario would not readily explain the
asymmetry we observe in LPS-activated B cells. Asymmetric
partitioning of AKT molecules, as described in dividing cancer
cells (Dey-Guha et al., 2011), is a candidate determinant of un-
equal PI3K signaling in lymphocytes and is a scenario that we
are actively investigating.
Mitochondrial status can modify signaling and metabolism
(Chandel, 2015). Asymmetric preservation of mitochondria
has been suggested to drive stem cell self-renewal (Katajisto
et al., 2015). Mitochondrial activity has also been suggested
to influence plasma cell differentiation (Jang et al., 2015). If un-
equal inheritance of aged mitochondria (Katajisto et al., 2015)
was a prevalent feature of dividing cells, this could be a
contributing or perhaps sufficient mechanism to bias nutrient-
sensitive signaling intensity or efficacy between siblings and
is another scenario that we are actively investigating. It also re-
mains to be determined why initial divisions of naive lympho-
cytes do not appear to achieve PI3K thresholds sufficient to
inactivate FoxO1 or induce IRF4 to the maximal intensity
observed in later divisions. The apparent ceiling in asymmetric
PI3K intensity in early cell divisions could be mechanistically
linked to the apparent buffering of PI3K intensity observed in
self-renewing siblings at later divisions. Identification of the
actual asymmetrically inherited molecule(s) or organelle(s) gov-
erning the discrepant intensities will be required to resolve this
issue.
Many examples of asymmetric cell division are controlled by
an ancestral polarity network and characterized by fate determi-
nants being segregated to one side of the mitotic spindle during
metaphase (Neum€uller and Knoblich, 2009). Some instances of
asymmetric division in lymphocytes also appear to be character-
ized by a provisional polarity cue from cell-to-cell-contact
as well as readily apparent partitioning of determinants duringstimulated with plate bound anti-CD3 and soluble anti-CD28 for 6.5 days, and
sence or presence of inhibitors of PI3K (5 mM) and mTOR (0.5 mM).
–4 days after primary LMgp33 infection or naive P14 T cells 3 days after in vitro
nt cytoplasmic FoxO1 are displayed (n = 33 and n = 19 conjoined sibling pairs
ncy of IRF4 and FoxO1 cytoplasmic/nuclear asymmetry. IRF4 asymmetry in
. Of cells with asymmetric IRF4, 62% (top; listeria) and 77% (bottom; in vitro) of
ic FoxO1. 28% (listeria infection) and 15% (in vitro) of sibling pairs had nuclear
oth cells.
stimulated with gp33 peptide in the presence or absence of PI3K (5 mM) and
c and TCF-1 from naive GFPcMyc P14 T cells activated in vitro for 3 days and
asymmetry (58%; n = 26 sibling pairs). Right chart summarizes frequency of
yc and TCF1 (20%), and symmetric TCF1 (13%) among pairs with asymmetric
f rapamycin (0.5 mM) for 3 days and sorted from the fourth division onward.
pamycin-treated group. Graph shows ratio of TCF1 fluorescence in each sibling
cin. Charts depict incidence of TCF1 asymmetry in rapamycin treated (6%) and
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Figure 7. PI3K-Driven Branching in Early B
and T Cell Fate Specification
(A) Asymmetric IRF4 and c-Myc divisions in sibling
T cells prior to TCF1 loss or FoxO1 inactivation.
Naive P14 or polyclonal CD8+ T cells activated
in vitro after 30–40 hr, when cells have undergone
one to three divisions. Graphs with ratio of TCF1,
IRF4, and c-Myc fluorescence in each sibling pair.
25%, 47% and 44% of conjoined siblings had
TCF1, IRF4, and c-Myc asymmetry (n = 25, 43, and
24 sibling pairs, respectively). Of siblings that both
retain TCF1 expression, 57% of pairs had IRF4
asymmetry (n = 16) and 60% of pairs had c-Myc
asymmetry (n = 15). Of sibling pairs that had
asymmetric IRF4 and c-Myc, 83% had concordant
asymmetry. 50% of sibling pairs had nuclear/nu-
clear FoxO1 in both cells; 31% of pairs had
asymmetric nuclear/cytoplasmic FoxO1 and 19%
of pairs had cytoplasmic FoxO1 in both cells (n =
16 cell pairs imaged). IRF4 asymmetry occurred in
50% of siblings with bilateral nuclear FoxO1, 80%
of siblings with asymmetric FoxO1, and 33% of
siblings with bilateral cytoplasmic FoxO1.
(B) Splenic versus bone marrow (BM) localization
of P14 T cells 3 days after primary or secondary
challenges.
(C) Asymmetric IRF4 divisions in sibling B cells
prior to Pax5 loss. Left: two representative
conjoined sibling B cell pairs (n = 5 sibling pairs)
from the first three divisions of B cells stimulated
with LPS for 3.5 days. Charts depict frequency of
sibling pairs with asymmetric IF4 or Pax5. 80% of
cells had asymmetric IRF4. Graph summarizes the
ratios of IRF4 and Pax5 among sibling pairs. Right:
two representative conjoined sibling B cell pairs
(B1-8hi) from congenic donors 3 days post-
immunization (n = 11 sibling pairs). Charts depict
frequency of sibling pairs with asymmetric IF4 or
Pax5 (For IRF4, p < 0.001 compared to tubulin).
100% of sibling pairs had asymmetric IRF4. Graph
summarizes ratios of IRF4 and Pax5 among sibling
pairs. Scale bars, 5 mm.
(D) Cell division versus Embigin expression of
donor B1-8hi B cells 3 days postimmunization.
(E) Cell division versus Embigin and B220 in
WT and IRF4 KO LPS-activated B cells after
3.5 days. All data are representative of at least two
experiments.metaphase (Barnett et al., 2012; Chang et al., 2007). The asym-
metric divisions presented herein, however, may not be as reliant
on an external polarity cue insofar as they could be mimicked
with diffusible stimuli (LPS) in buoyant media and because they2214 Cell Reports 13, 2203–2218, December 15, 2015 ª2015 The Authorslacked obvious asymmetry of determi-
nants in metaphase (Figure S1D), which
were subsequently unequal during
cytokinesis.
It is likely that polarity cues to T and B
lymphocytes that drive asymmetry in
metaphase (Barnett et al., 2012; Chang
et al., 2007) will interact with or amplify
disparities that might be inherited
because of a more cell-intrinsic imbalance in PI3K intensity. An
analogous scenario could be evident when unequal Wnt
signaling between siblings arises from unequal inheritance of
signaling components, which was initiated by an external
polarity cue (Habib et al., 2013). Controversy regarding a role for
asymmetric cell division in blood cells has arisen, in part, due to
absence of consistently strong phenotypes in genetic experi-
ments targeting the ancestral polarity network (Hawkins et al.,
2013; Metz et al., 2015; Sengupta et al., 2011). The existence
of varied mechanisms for asymmetric cell division, which may
differ in their dependence on a polarity cue, may help resolve
discrepantmodels. Likewise, lineage-tracing experiments in vivo
have suggested that a single naive lymphocyte invariably yields a
diverse set of progeny (reviewed in Reiner and Adams, 2014).
The present results suggest that sequential asymmetric divisions
might provide a matrix for clonal descendants to adopt different
fates, and this would not be incompatible with the proposition
that stochastic elements are also involved (Hodgkin et al., 2014).
Pattern formation in development occurs when a small num-
ber of cells, with limited diversity, assume greater heterogeneity
and complex arrangement in space and time as the cellularity of
an embryo or tissue expands. We speculate that there may be
other instances in development, regeneration, and neoplasia
where a signal could trigger division and also be transmitted un-
equally to seal different fates in sibling cell progeny. Whether this
mechanismwill be more common in cellular expansion of mobile
cells than in fixed tissue, only seen in the context of rapid cell di-
vision, or emerge only as a property of PI3K signaling remains to
be determined. Nonetheless, approaches to alter nutrient-sensi-
tive signaling should become useful therapeutic strategies for
augmenting regenerative lymphocyte behavior in settings such
as cancer immunotherapy, chronic infection, or vaccination, as
well as targeting self-renewal in autoimmunity and lymphoid
malignancy.EXPERIMENTAL PROCEDURES
Mice
All animal work was done in accordance with Institutional Animal Care andUse
Guidelines of Columbia University. Mice were housed in specific-pathogen-
free conditions. C57BL/6 mice, P14 TCR transgenic (P14) mice recognizing
LCMV peptide gp33-41/Db, B1-8hi Ig heavy chain knockin mice recognizing
hapten 4-hydroxy-3-nitrophenylacetyl (NP) (Shih et al., 2002), Blimp-1-YFP
(Fooksman et al., 2010), GFP-c-Myc knockin (Huang et al., 2008), YFP-Bcl6
knockin (Kitano et al., 2011), and IRF4 knockout (Klein et al., 2006) mice
have been previously described.
Adoptive Transfers
For all experiments, naive B or CD8+ T cells were purified with appropriate
magnetic isolation kits (Miltenyi Biotec), from B1-8h or P14 mice. 2–5 3 106
B cells or 1–3 3 106 CD8+ T cells were labeled with CFSE or CellTrace Violet
(CTV; Life Technologies) proliferation dyes and adoptively transferred intrave-
nously (i.v.) into CD45 or Thy1 allotype-disparate C57BL/6 mice.
Immunization and Infectious Challenges
For B cell experiments, mice were immunized with 100 mg NP conjugated
keyhole limpet hemocyanin (KLH) (Biosearch; NP23-KLH) absorbed in 100 ml
Imject alum adjuvant (1:1) (Thermo) (adjusted to pH 6.8) by intraperitoneal
(i.p.) injection 1 day after adoptive transfer. In some experiments 20 mg CpG
ODN 1826 (Invivogen) was used as adjuvant.
For T cell experiments, challenges consisted of 23 105 PFU of lymphocytic
choriomeningitis virus Armstrong strain (LCMV) by i.p. injection or 5 3 103
Listeria monocytogenes expressing gp33-41 (LMgp33) by i.v. injection. For
re-challenges, 2.5 3 107 proliferation dye-labeled splenocytes were trans-
ferred from LCMV-infected P14 recipients at day >120 postinfection to naiveCell Repmice. Secondary recipients were infected i.v. with 53 103 LMgp33 the day af-
ter transfer.
Cell Culture
Purified naive B cells labeled with CFSE, CTV, or eFluor670 cell proliferation
dyes were cultured in LPS (LPS-SM ultrapure; Invivogen; 10–25 mg/ml) in
48-well plates at 2.53 105 cells/ml culture media in a 37C humidified environ-
ment with 5% CO2. To activate CD8
+ T cell in vitro, wild-type or P14+ CD8+
T cells were purified, labeled with cell proliferation dye, and stimulated with
immobilized anti-CD3 (5 mg/ml), soluble anti-CD28 (1 mg/ml), and recombinant
IL-2 (30 IU) or by gp33 (1 mg/ml; Anaspec) peptide-loaded splenocytes,
respectively. Memory CD8+ T cells were harvested at 120+ days after LCMV
infection.
Small-molecule inhibitors of PI3K (LY294002; Cell Signaling), pan-AKT (tri-
ciribine; Cayman Chemical Company), mTOR (rapamycin; Selleckchem),
and FoxO1 (AS1842856; Calbiochem) were added to the cells at the time of
activation. Mitochondria membrane potential was measured by incubating
cells with MitoTracker CMXRos red-fluorescent dye (Cell Signaling) for
30 min followed by washing cells three times with ice-cold culture media.
Flow Cytometry
Single-cell suspensions were prepared and stained using standard tech-
niques. Cells were fixed with eBio Fix/Perm kit to stain for intracellular tran-
scription factors. To detect intracellular phospho-Akt, cells were treated
sequentially with 3% paraformaldehyde, ice-cold methanol, and eBioscience
1x permeabilization buffer prior to antibody staining. Mitochondrial membrane
potential was measured by incubating cells with MitoTracker CMXRos red-
fluorescent dye (Cell Signaling) for 30 min. Flow cytometry (fluorescence-acti-
vated cell sorting [FACS]) antibodies are listed in Supplemental Experimental
Procedures.
BD LSRII/Fortessa and FACSAria II flow cytometers with FACSDiva soft-
ware were used to analyze and/or purify cells. Data were analyzed using
FlowJo v.8.8.7 (Tree Star). Each FACS plot axis displays increasing fluores-
cence intensity of the labeled molecule. The cell division x axis label has an in-
verse (leftward) arrow, denoting that intensity of fluorescent dye covalently
bound to intracellular proteins undergoes dilution with each successive cell di-
vision. Within FACS plots, each dot represents a single cell and numbers dis-
played adjacent to bound-areas (gates) represent the frequency of cells within
the gate.
Confocal Microscopy
Immunofluorescence of singlet and doublet cells was performed as previously
described with some modifications (Barnett et al., 2012; Chang et al., 2007,
2011; Ciocca et al., 2012). Sorted cells were immediately transferred to
poly-L-lysine-coated #1.5 coverglass and allowed to adhere prior to 3% para-
formaldehyde fixation. Cells were rehydrated in PBS+ containing 50 mM
NH4Cl, permeabilized with 0.3% Triton X-100 in PBS
+ (blocking solution),
and then treated with 0.01% saponin and 0.25% fish skin gelatin (Sigma) in
PBS+. Staining with primary antibodies and secondary antibodies was carried
out sequentially for 1 hr at room temperature. Microscopy antibodies are listed
in Supplemental Experimental Procedures.
Images were acquired on a Zeiss LSM710 laser scanning inverted confocal
microscope controlled by Zeiss Zen software (2010 SP1, v.6) and equipped
with a Zeiss 633/1.40 numerical aperture (NA) oil immersion objective and
405-nmdiode, 488-nm argon, 561-nmDPSS, and 633-nmHeNe lasers.Where
indicated, a Nikon Ti Eclipse inverted confocal laser scanning microscope
equipped with a 603/1.40 NA oil immersion objective was used. Pinhole
size, pixel dwell time, frame size, resolution, and slice thickness were opti-
mized using Zen software. Each cell required 15–30 sections to cover z-dimen-
sion. Transmitted light from the 405-nm laser was captured on a transmission-
PMT unit. ImageJ (v.1.46r) or Fiji (v.2.0) software was used to project the total z
stack, apply aminimal smooth filter for some displayed images, rotate, change
pseudocolors, convert to RGB, and add scale bars. Total fluorescence in
defined regions of single cells was quantitated using the integrated density
function in ImageJ.
Sibling cells undergoing cytokinesis were identified based on a cytoplasmic
cleft or extended bridge connection under transmitted light, combined withorts 13, 2203–2218, December 15, 2015 ª2015 The Authors 2215
defined tubulin bridge fluorescent staining within the connection, plus the
additional presence of dual nuclei using DAPI DNA fluorescent staining.
Assessment of sibling status was performed blinded to the staining of tran-
scription factors. Only after sibling status was determined were the results of
transcription factor staining collected and analyzed. For imaging GC B cells
only, doublets with sibling status were scanned for high Myc or IRF4 expres-
sion because of the rarity of these cells among YFP-Bcl6+ cells.
Mitotic blasts were selected based on the specific appearance of tubulin
staining and condensed DAPI staining. Non-parametric one-way ANOVA
was used to determine significance. p < 0.05 was considered significant. A
mitotic cell or sibling pair was determined to be asymmetric if the ratio of amol-
ecule’s fluorescence on either side of the plane of division was greater than
that of the mean of tubulin plus 2 SD or greater than 2:1. To compare binary
polarity data, a two-way Fisher’s exact test or chi-square test from contin-
gency tables was used. GraphPad Prism and MS Excel were used for data
analysis and statistics.
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